Research to evaluate the role of the soil algae in the initiation of pedogenesis in sandy areas and to establish the mineral, chemical and organic composition of soil-algal crusts was done. The investigations area is located in southern Poland in a landscape of drift sand (Bledowska Desert) formed as a result of medieval deforestation related to Ag, Pb and Fe mining activities. Fifteen species of algae (Cyanophyta, Chlorophyta and Heterokontophyta) were identified. In the soil-algal crusts, Corg contents ranged from 0.35-2.23%, Pavail from 9-34 mg · kg -1 and Nt was variable. In investigated area the ground on which soil algae developed was acidic (pH 4.4-5.7 in KCl). Among mineral components in the crust, phases rich in Fe and K dominated , respectively) and elevated concentrations of Zn, Mn and Pb occurred. Soil-crust organic matter includes aliphatic and aromatic compounds, carbohydrate derivatives, phenols, furan and pyrene structures. N compounds have significant contribution in composition of soil-algal crusts -the algae are main source of organic matter in this stage of soil formation. It could accelerate the regeneration of disturbed ecological systems.
Introduction
Soil algae play an important role in all stages of soil development. At different stages, ecologically diverse group of algae participate in this processes [1, 2] . Algae influence is seen most clearly at the initial stage of soil formation, ie during the colonization of an abiotic ground and the formation of a primary layer enriched in organic carbon on this mineral substrate. Almost to the present, this role has been ascribed to lichens. Autotrophic algae have an ability to produce and accumulate organic matter and, by doing so, stimulate the development of heterotrophic organisms. In the soil environment, they initiate Silesia-Krakow Region. A few centuries of sawing, left the area deforested. This resulted in the degradation mainly by wind of poorly developed covers of podzol soils and the formation of a sandy area (5 x 12 km) showing the features of a desert landscape (Bledowska Desert). Several years ago, Salix acitifolia was artificially introduced into the sandy area which, aided by a spontaneous succession of S. arenaria and Pinus sylvestris, led to the partial overgrowth of the desert. Large deflation areas and parts of the desert not colonized by higher vegetation provide good sites for investigating changes related to soil formation processes in which soil algae play significant roles [6] . 
Sampling
Sampling of soil algae was done in April and May 2010, the months with the highest humidity. The samples from 15 sampling sites (Table 1 , Fig. 1 ) were taken to the laboratory in Petri dishes. The identification of algae and cyanobacteria species was carried out on a living material. A detailed taxonomic characterization of the species of cyanobacteria and algae recorded is presented in the other work [6] and in the base of Algae Base [17] .
Soil-algal crusts occurring on the surface of the initial humus horizon (OAectoorganic type) were sampled over an area of about 0.5 m 2 . Samples were stored in 1000 cm 3 glass containers.
Chemical analysis
After drying at ambient temperature, and crushing/sieving and homogenization, the following parameters were measured in the soil-algal crust samples: organic carbon content (C org ; Turin method), total nitrogen content (N t ; Kjeldahl method), available phosphorus (Egner-Riehm method), and pH (reaction with a glass electrode, in H 2 O and in 1 mol · dm -3 KCl).
Calcium, magnesium, potassium and sodium were determined by validated Flame Atomic Absorption Spectrometry -AAS (Varian AA240FS) 3 per 0.5 g of sample). As part of the quality control of the method, the Certified Reference Material NCS ZC 73009 (China National Analysis Center for Iron and Steel) was tested.
Each sample was analyzed in triplicate for soil chemical properties and fivefold element concentration (AAS).
Pyrolitic analysis
Among the samples tested by MS (Mass spectral) sample number 2 is the most representative (Table 1) , because the soil-algal crust with Cylindrocapsa sp. dominate there. This sample came from a part of the deflation area with the greatest thickness of soil-algal crust (6 mm), and where the sandy material under the crust contained the highest percentage of clay fraction and organic carbon of all the 15 samples (Table 2) .
Analytical conditions of the Curie-point Py-GC/MS
A Curie-point Pye-Unicam pyrolyser (type 795050) working at 770ºC was coupled to a Hewlett-Packard gas chromatograph with a HP-5 column (60 m · 0.32 mm · 0.5 µm). The experimental conditions were as follows: carrier gas -He at 15 psi pressure; carrier gas split ratio 1:15; temperature program: 40ºC and final temperature 260ºC held for 16 min. The mass spectrometer was operated in the electron impact ionization mode at 70 eV and scanned from 30-500 da (full scan). Data were processed using the Hewlett Packard Chemstation software. All compounds were identified by their mass spectra, comparison of retention times of their peaks to these of standard compounds, reference to literature data, and by interpretation of MS fragmentation patterns [16, 18, 19] .
SEM-EDXRA investigation
Electron-probe microanalyses and observations were performed using an Environmental Scanning Electron Microscope (Philips XL 30) with an EDXRA analyzer. Pieces (1.0 cm) of algal crust with attached soil particles were fixed to aluminium stubs with double-sided carbon tape immediately after collection. Mineral grains attached to algal surfaces were treated as soil-algal crust in the current study. For each sample, a few hundred representative particles were placed onto a carbon adhesive base and examined using a stereo microscope. 16 samples of soil-algal crust were viewed uncoated in an SEM using a back scattered electrons (BSE) detector (Centaurus). 60 qualitative microanalyses (EDXRA) of mineral and biotic material for all the 16 samples were carried out using an attached EDXRA (Sapphire) energy dispersive X-ray spectrometer (15 kV accelerating voltage, environmental mode and 40 Pa H 2 O pressure). 120 BSE images of soil algal crust and soil material for all the 16 samples were registered to document analysed material. The presence of characteristic peaks of some elements in the EDXRA spectra enabled determination of elemental compositions.
Statistical analyses
Received results were verified by the statistical analyses. All of them were done using the Statistica 10.0 package. The significant differences between average values were estimated using the Duncan test (for p < 0.05).
Results

Species composition
Algae, cyanobacteria, fungi and microorganisms are primary organisms colonizing surfaces of parent rock. Algae developing on the sand surface in the early-spring wet seasons form an easily-seen green coat which vanishes in seasons of water deficiency at the beginning of the summer. In the soil-algal crust, 15 Greater morphological variability is shown by Chlorophyta occurring in unicellular, colonial and filamentous forms. Filamentous forms have the highest pedogenic significance due to their domination and their ability to stabilize loose sand by binding sand grains (Fig. 2) .
Physical and chemical properties of soil-algal crust
Within analyzed samples the 0.4-0.25 mm sand fraction dominated in parent rock. The silt fraction is low, 1.3% on average; the only exception is sample number 2 with 18% ( Table 1) . The organic carbon (C org ) content in the soil-algal crusts varies from 0.35-2.23% ( Table  2 ). The highest organic carbon content occurs in crusts enriched in clay (sample 2). The total nitrogen content (N t ) increases with increasing C org . Available phosphorus (P avail ) also varies significantly in the range of 9-34 mg · kg -1 . Reaction of the investigated materials ranges from acidic (pH 5.0-6.0 in H 2 O) to very acidic (pH 4.4-5.7 in KCl; Table 2 ). Among mineral components in soil-algal crusts, iron dominates. Concentrations of iron vary greatly from place to place within the range of 776.5(±2.3)-2803(±31) mg · kg -1 ( Table  3 ). The next most important element present in the crusts is potassium with concentrations ranging from 230.5(±3. , respectively. It is worth noting that the soil-algal crusts are characterized by very low sodium ocntent, often near to the detection limit ( ), there is a possibility that heavy metals may accumulate at the early stage of soil formation due to the occurrence of soil-algal crust. Cadmium concentrations are low and occur in the range of of 0.102(±0.001)-0.776(±0.011) mg · kg -1 (Table 3) . The same letter (a, b, c, d, e, f, g, h, i, j, k, l, m) in superscript means no significant differences according to the Duncan test (p < 0.05) * limit of quantification of Ca = 5.02 mg/kg ** limit of quantification of Na = 1.36 mg/kg
Curie-point Py-GC/MS data
Pyrolityc analyses of soil-algal crusts showed the occurrences of following organic compound belonging to different groups ie cyclic and acyclic aliphatic hydrocarbons, aromatic hydrocarbons, carbohydrate derivatives, organic compounds containing nitrogen and sulphur, phenols, prenyl, furan and pyrane derivatives (Table 4) . Aliphatic compounds, both cyclic and acyclic, include saturated-and unsaturated hydrocarbons, alcohols and carboxylic acids from various sources such as polysaccharides and lipids. Organic compounds with aromatic rings, such as toluene and benzene, are present in low concentrations in analyzed soil-algal crust material. Furan and pyrane derivatives occur only rarely in trace amounts in samples. Among organic components, the highest concentrations are shown by polysaccharides source of which the most important are compounds identified as 1,6-anhydro-β-D-glucopyranose (levoglucosan), 3-methylmannoside, 3,4-anhydro-d-galactosane and others -all estimated from peaks areas (Table 4) .
Microscopic investigations (SEM)
During the initial stages of soil-algal crust formation, characteristic elongated forms (often from filamentous algae) are created with rare mineral grains or aggregates which are attached to them (Fig. 3a, c, d ). In the investigated soil-algal crusts, metal-bearing mineral grains are mainly iron oxides (Fig. 3a, c) . Well-developed soil-algal crusts have complex structure and diverse chemical composition. Apart from algal filaments, there are other biogenic components present, eg fungi hyphae, spores and pollens, roots of plants and aggregates of microorganisms. All of the algal-soil crusts investigated contain both organic matter represented by algae fragments, fungi hyphae, roots, pollens, microorganisms and their excreta (Fig. 3d) and allochtonic minerals trapped in a complex algal net -the most important crustal component. In the crusts, the most abundant minerals are quartz and aluminosilicates occurring as fine-grained clay-mineral aggregates, quartz grains and feldspars. Mineral grains and aggregates containing metals can occur as well. Large, relatively common, aggregates of iron oxides are often associated with aluminosilicates (Fig. 3a, b, c, d ). Soil-algal crusts forming thicker coverings contain higher proportions of inorganic mineral components (Fig. 4a, d) . At more advanced stages of their development, organo-mineral crusts contain minerals (aluminosilicates, quartz, Fe oxides) in considerable quantities. In some cases, it is difficult to recognize algae in mineral crusts bound by aluminosilicates and in thick nets comprising fragments of algae, fungi and roots. In the formation of such crusts, an important role is played by organic excreta and polymeric nets of algae-fungi.
In BSE images of the organo-mineral crusts, there are pale mineral grains rich in Fe, Zn, Mg, Ca and K (Fig. 4b, c, d ). In soil-algal crusts formed at the eastern edge of the desert, close to the emission sources related to smelting and mining, there are also metal-bearing phases rich in Zn, Pb and Mn. Their identification is possible at high magnification (> 1000x). The presence of other metals was confirmed by AAS (Table 3) . In the initial stage of soil-algal crusts development in the net of filamentous a few grains of Fe oxide occur (Fig. 3a, b) . The forming of algal net increase the trapping rate of fine mineral grains (Fig. 4a) . A fully developed soil-algal crust is characterized by the presence of compacted aluminosilicate, carbonate and metalliferous mineral aggregates which are sticking to different biotic components (Fig. 4b, c, d ).
Discussion
Drift sand or stabilized sandy areas with low contents of fine-grained fractions do not provide good conditions for living organisms due to low nutrient concentrations, low water retention and low sorption capacity. On a mineral substrate, microscopic cyanobacteria (Chroococcus minimus, Ch. minutus, Ch. varius, Gloeocapsa atrata, Nostoc commune) can colonize, forming small colonies or filaments (Nostoc commune, Phormidium sp. and Oscillatoria sp.) surrounded by gelatinous substances. Apart from cyanobacteria, unicellular algae (Pinnularia borealis, Stichococcus chlorelloides, S. cf. fragilis) together with filamentous algae (Hormidiopsis crenulata, Cylindrocapsa sp., Ulothrix sp.) can also cover the sand surface. The species composition of algae of Bledowska Desert was already investigated by Rahmonov and Piatek [6] . Our results confirm the presence of previously noticed species and present new taxa: N. commune, Phormidium sp., Oscillatoria sp. and Ulothrix sp. Algae in post-mining areas contaminated with heavy metals in neighboring of investigated areas has been described by some authors [13] [14] [15] .
Cyanobacteria in the area studied include Nostoc commune, Phormidium sp. and Oscillatoria sp. These organisms, found in many different climate zones, have the ability to bind free atmospheric nitrogen (except Oscillatoria sp.). Nitrogen accumulation aids biomass increase and microbial association. In arid desert regions, cyanobacteria crusts with Nostoc sp. can successfully stabilize sandy soils as they bind nitrogen [4, 7] .
Cyanobacteria and algae most often occur together to form a green coating on the sand surface when there is a lot of moisture, eg in the spring. The algal coating (biofilm), humid in this period, retains all fine organo-mineral particles on their surface. The soil algae stabilize loose ground by binding sand grains which leads to the formation of algal-soil crusts with mineral grains, beginning pedogenesis.
A key feature of soil algae is their ephemeral development, with rapid changes from the dormant stage to active vegetation and vice versa, without any endospores and special intermediate stages [9, 10] . Surface algal crusts dry out in dry spells and absorb moisture more quickly than dead organic matter. Algae form organic matter that helps to initiate the soil formation process.
Filamentous cyanobacteria and algae play an important role in soil-algal crust formation. On a sand surface, filaments form a complex net covering both individual sand grains and aggregates (Fig. 3 a, c, Fig. 4b ) and in which fine-grained mineral and organic fractions are trapped. In these algal nets also, organic membranes deriving from polymeric extracellular substances excreted by soil algae, have been found elsewhere [7, 20, 21] . Similar polymeric structures partly characterise Bledowska Desert crusts (Fig. 3c, Fig. 4a ).
The morphological features and structure of soil-algal crusts are very complex. Biogenic fragments and mineral grains ranging from a few microns to several hundred microns in diameter have an important role in crust structure. Microscopic investigations (SEM) enable the recognition of some of the morphological features of the individual components of these crusts. EDXRA analyses of micro-areas can give indicative chemical compositions of mineral, metalorganic and organic aggregates.
Polysaccharides synthesized and excreted by cyanobacteria cells play an important role in interactions with the environment, particularly at times of low water accessibility. Mazor et al [21] have shown the significance of polysaccharide envelopes in the water management of algae and microorganisms in desert regions. Due to these abilities, cyanobacteria influence the rate and development of soil microorganisms.
Johansen and Schubert [10] identified the important role of algae in soil formation in desert regions. Rahmonov et al [16] described their significance in initial soil-formation processes on sandy areas in Poland. The important role of soil-algal crusts and microbiotic or biological soil crusts in the ecosystem processes of arid and semi-arid areas has long been recognized [10, 22, 23] . The same role is played in temperate-climate algal crusts [24] . These crusts reduce wind-and water erosion [7, 9] , increase nitrogen availability to the ecosystems through fixation and carbon dynamics [3, 4, 10] and stabilize soil moisture and water relations as in soil crusts [23] . One of the chief factors regulating photosynthesis in cryptobiotic crusts is their moisture content [11] . These crusts may play an important role in mineral erosion and desert soil formation by modifying the weathering environment and ultimately affecting mineralogical variance [8] .
Soil algae create conditions suitable for the development of organisms with higher ecological requirements. They indirectly initiate soil formation through cooperation between different soil organisms. Algae also play an important role in areas changed anthropogenically by stimulating soil formation and increasing the potential for plant development [6, 11, 16] . By their development in soils polluted by heavy metals, soil crusts favours ecosystem biodiversity which, in turn, serves to accelerate soil-algal crust formation [5, 6] .
In Bledowska Desert, the eolian transport is one of the factors limiting the development of biocenotic systems and inhibiting soil formation. Winds dry out mineral material. Sand grains on a surface ground are rounded. Microfissures and hollows as seen in SEM pictures are formed.
An soil-algal crust is a source of mineral and organic compounds that originated from in situ and ex situ. That compounds contain micro and macroelements in concentrations that depend on the type of surrounding landscapes. Nutrients can be taken by both lower-and higher vegetation, and by encroaching vascular plants.
Most algae excrete organic extracellular compounds which enable the binding of exchangeable cations in soils, forming chelates [18, 19] . This leads to a positive correlation between organic-matter content and basic cations in soils below algocenoses.
Values of organic carbon content (0.35-2.23%) and total nitrogen (0.014-0.113%) indicate a large mineral fraction in soil crusts. In the algal-soil crust investigated here, there are enrichments of K, Ca, Mg and, to the lesser degree, of Na and Mn. Rich in various elements grains accumulate in algal net and can improve fertility of poor sandy soils, thus contributing to an increase of different ecological niche.
Accumulation of heavy metals by soil-algal crusts seems to be particularly significant even if the humus horizon (thickness < 5 mm) is in an initial stage of development. Heavy metals concentrations are at background level, those of zinc and copper are higher in the Bledowska Desert crusts than in the underlying sands. Elevated concentrations of cadmium also occur in the crusts and lead concentrations are much higher than the background.
The pyrolytical analyses of the soil-algal crust matter show that products of polysaccharide origin dominate in pyrolysates, and that those derived from proteins, lipids and phenols are minor. The forming ectoorganic horizon contains only traces of aromatic compounds and phenol derivatives, probably reflecting the allochtonic input of vascular plant remains. Literature data show that aromatic compounds in algal biomass derive from lignin related to vascular plants [25, 26] . Similar data for sandy areas with soil-algal crusts are given by Nierop et al [19] .
From the point of view of vegetation development and of their influence on soil formation, nutrients, particularly nitrogen, are vital. Nitrogen, a deficiency element in poor ecosystems, decreases the rate of soil development. Our research shows that, in the organic matter building the algal crust, nitrogen-bearing compounds are important. Nitrogen, a basic nutrient of plants, generally does not come from weathered soil minerals but is of organic origin. Some of these come from their biological precursors including proteins, chlorophyll, nucleic acids and alcaloids introduced into soils systems as plant-and animal remains [26] . Greater amounts of nitrogen compounds may be related to the occurrence of microorganisms (mainly bacteria) and the products of their metabolism.
The abundance of organic compounds in soil below algal communities results from the fact that these organisms excrete gelatinous (mucus) substances which sustain moisture and indirectly help in soil microflora development. This exudate contains carbohydrates, lipids and other organic compounds which promote the activity of other microorganisms [7, 21] . Transformation and decomposition of algae biomass contribute to the rapid accumulation of organic matter in the soil, which is a potential source of nutrients for early succession and late succession species [27] . Organic matter leads to the pedogenesis in poor sandy areas and initiates the formation of primary humus.
Conclusions
In the Bledowska Desert, algae are pioneering organisms colonizing areas that lack a soil cover. The formation of soil-algal crusts creates good conditions for later soil development as it promotes organic matter production, microorganisms and fungi association. In regions exposed to pollution, algal crusts trap contaminants from atmospheric emissions. Due to algal crusts, mineral grains of various chemical compositions, accompanied by biotic grains, spores and pollens, microorganisms, particles of cellulose and lignin, are accumulated in soil. Such a structurally and chemically variable substratum offers better conditions for water retention and the later development of organic soil.
Soil organic matter variably depends on algal biomass and on the dynamics of their development. Derivative carbohydrates and nitrogen containing compounds are common in the pyrolytical products of organic matter in soil-algal crust. Nitrogen, a deficiency element in poor ecosystems, decreases the rate of soil development.
The initial organic matter in soil mainly comes from algal biomass. Among organic compounds having the important influence on soil development are carbohydrate derivatives, nitrogen-, sulphur-and oxygen compounds such as pyrane, and furane derivatives. Rapid decay and humification of algal biomasses enables the relatively quick accumulation of organic matter in soil which becomes a source of nutrients for early and later succession species with higher habitat requirements.
